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Transport of thiamin in rat renal brush border membrane Thiamin is required by animal cells for the synthesis
vesicles. of thiaminpyrophosphate, the coenzyme of the impor-
Background. Unlike intestinal absorption, renal transport tant carbohydrate enzymes transketolase, pyruvate-, andof thiamin has received little attention. This study was designed
a-ketoglutarate dehydrogenases [1]. The thiamin plasmato investigate the reabsorptive steps of thiamin transport in
concentration is regulated by both intestinal and renalbrush border membrane vesicles (BBMVs) from rat kidney
proximal tubules using tritiated thiamin with a high specific mechanisms.
activity. Transport of thiamin in the small intestine has received
Methods. BBMVs prepared from the cortex kidney of rats
considerable attention. In all animal species, includingwere suspended in different media, controlling the composition
humans, low (physiological) concentrations of thiaminof the intravesicular fluid by prolonged equilibration at 48C in
preincubation buffers of desired composition. Then they were are absorbed in vivo by a saturable transport mechanism
held on ice until used, when they were warmed at 258C for the [2, 3]. Thiamin entry into the enterocyte, as evaluated
uptake experiments. The amount of radioactivity taken up by in rat brush border membrane vesicles (BBMVs), is a
the vesicles was measured radiometrically after separation with
Na1-independent process, mainly involving a saturablea rapid-filtration procedure.
component at concentrations of less than 1.25 mmol/LResults. The time course profile of thiamin uptake was Na1
independent; 53% of thiamin taken up was membrane bound. and a nonsaturable component at higher concentrations.
The concentration curve had a biphasic course that was nonlin- In addition, thiamin entry is inhibited by thiamin struc-
ear (saturable) at physiological concentrations (,1.25 mmol/L) tural analogues and derivatives [4], and involves the
and linear at higher ones. Thiamin uptake was stimulated sev-
countertransport thiamin/H1 [5]. The exit of thiamineral-fold by an outwardly directed H1 gradient (pHin 6:pHout
from the enterocyte, as evaluated in basolateral mem-7.5), which caused a transient accumulation of thiamin inside
BBMVs against a concentration gradient. The enhanced thia- brane vesicles, is Na1-dependent, being directly coupled
min uptake was only due to the H1 gradient, which made thiamin to ATP hydrolysis by Na1,K1-ATPase, and hence to the
binding virtually negligible compared with translocation, and functional integrity of this enzyme, and is significantlymaintained the biphasic course of the concentration curve. The
inhibited by thiamin structural analogues [6]. In intesti-saturable component, however, had kinetic constants 12-fold
nal tissue, thiamin transport has been shown to be associ-higher than those in the absence of gradient. Moreover, the
saturable component was inhibited by nonlabeled thiamin and ated with its phosphorylation to thiaminpyrophosphate
its structural analogues, by inhibitors of intestinal thiamin/H1, by thiamin pyrophosphokinase (EC 2.7.6.2.) [7].
renal guanidine/H1, and Na1/H1 antiporters, while it remained
Chemically, thiamin is an organic cation and preciselyunmodified by some typical organic cations transported in renal
a quaternary ammonium compound. Its plasma levelsBBMVs.
Conclusion. The results provide strong evidence for the are regulated, in part, by the kidney like those of other
presence in renal BBMVs of a thiamin/H1 antiport having a organic cations. At high plasma levels, these cations are
1:1 stoichiometric ratio. actively secreted [8], whereas at low plasma levels, they
are actively reabsorbed [9, 10]. Such a mechanism has
also been demonstrated for thiamin in humans by in-Key words: renal transport, BBMV, thiamin/H1 antiport, proximal
tubules, vitamin. jecting different doses of vitamin intravenously [11].
The thiamin level in rat plasma typically does not
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is reabsorbed, rather than secreted, by the proximal tu-Ó 2000 by the International Society of Nephrology
2043
Gastaldi et al: Renal thiamin membrane transport2044
bule [11]. Despite this fact, the reabsorptive steps for an Uvikon 930 Spectrophotometer (Kontron Instruments,
Milan, Italy).thiamin have attracted little attention [17].
In the present investigation, we studied the transport
Transport efficiency of brush borderfeatures for thiamin in BBMVs from rat kidney proximal
membrane vesiclestubules using tritiated thiamin ([3H]-thiamin) with a high
specific activity. First, we evaluated the general proper- The transport efficiency of the vesicular preparations
was evaluated by determining the time course profile ofties of thiamin uptake (time course profile, influence of
Na1 and K1, concentration curve, and membrane bind- d-glucose uptake by BBMVs. These were incubated with
80 mmol/L [U-14C]-d-glucose (specific activity, 0.31 GBq/ing). Then we focused our attention on the peculiarities
of transport of thiamin as an organic cation by studying mmol) in the presence of an initial gradient (100 mmol/L
out) of NaCl or KCl, as described by Casirola et al [4].the influence of externally imposed membrane negative
or positive potential, the effect of H1 gradients differently
Thiamin uptake measurementsoriented, the stoichiometry of thiamin/H1 antiport, and
the molecular specificity of the organic cations transported Brush border membrane vesicles were incubated at
258C with [3H]-thiamin (specific activity, 27.75 GBq/by the saturable component of thiamin/H1 antiport.
mmol). This temperature was chosen to reduce thiamin
uptake rate so that early uptake events could be followed
METHODS
more accurately. Typically, a 90 mL aliquot of transport
Animals medium, containing appropriate concentrations of [3H]-
thiamin and salts (discussed in the figure legends), wasAdult Wistar albino rats (350 to 400 g body wt) of
either sex, reared on a complete standard diet containing rapidly mixed with 10 mL of vesicle suspension (0.1 to
0.2 mg protein). After terminating the incubation with12 mg/g thiamin [18], were used. Animals were killed
by decapitation after 12 hours of fasting with water ad 3 mL of cold (0 to 48C) stopping solution (150 mmol/L
NaCl and 1 mmol/L Tris-HEPES, pH 7.5), the amountlibitum.
of thiamin radioactivity taken up by the vesicles was
Preparation of brush border membrane vesicles measured radiometrically after their separation by the
rapid filtration procedure of Kessler et al [22] using cellu-Brush border membrane vesicles were prepared with
minor modifications from the kidney cortex of five to lose nitrate microfilters (pore diameter 0.65 mm; Mi-
crofiltration System, Dublin, CA, USA), previously satu-six rats according to the method of Biber et al [19].
Cortex slices were homogenized for three minutes in rated with unlabeled thiamin [4]. Blanks were prepared
in each experiment to evaluate the radioactivity of [3H]-an Ultra-Turrax homogenizer (T-25; Janke und Kunkel
IKA-Labortechnik, Staufen-im-Breisgau, Germany), and thiamin nonspecifically adsorbed on the microfilter. The
values of the blanks were subtracted from the total radio-all centrifugation steps were performed at 0 to 48C in a
Sorvall RC-5 centrifuge using a SS-34 rotor (Du Pont activity retained on the filter. Radiometric measurements
were carried out using a Packard Tri-Carb 2000 CA liquidInstruments, Newton, CT, USA).
The vesicles were washed with and suspended in dif- scintillation counter (Packard Instruments CO, Inc.,
Downers Grove, IL, USA). Unless stated otherwise, allferent media according to the type of the experiment.
The composition of the intravesicular fluid of BBMVs uptake values were means 6 SEM of at least triplicate
determinations for each of five different preparations.was controlled by prolonged (at least 2 h) equilibration
at 48C in a preincubation buffer of desired composition For incubation times ranging from 1 to 15 seconds, a
STRUMA short-time incubation apparatus (Innovativ-(discussed in all of the figure legends). BBMVs were
held on ice until they were used and were warmed at Labor, Adliswil, Switzerland) was used.
258C in a thermostatic bath for 30 minutes before the
Statisticsbeginning of uptake experiments. The purity of microvil-
lous membranes was estimated by assessing the enrich- The significance of the differences of the means under
different experimental conditions was evaluated by usingment in alkaline phosphatase and K1-phosphatase activi-
ties of BBMVs, determined according to Murer et al the analysis of variance (ANOVA), followed by New-
man-Keuls’s Q-test, and Student’s t-test for paired data.[20], compared with the initial kidney cortex homoge-
nate. The enrichments were 15.5 6 0.8 times (mean 6 All statistical tests were carried out with a computerized
program [23].SEM of 5 different preparations) for alkaline phospha-
tase and 1.6 6 0.3 times (mean 6 SEM of 5 different
Reagentspreparations) for K1-phosphatase.
Protein content was determined according to Lowry Unlabeled thiamin chloride hydrochloride and thio-
crome were obtained from Prodotti Roche (Milan, Italy).et al [21], using bovine serum albumin as the standard.
Spectrophotometric measurements were carried out with Pyrithiamin bromide hydrobromide and 49-oxythiamin
Gastaldi et al: Renal thiamin membrane transport 2045
Fig. 2. Time course of thiamin uptake by rat renal brush border mem-
brane vesicles. Vesicles were preincubated as described in Figure 1 in
media containing (mmol/L) 2 MgSO4, 10 Tris-HEPES, pH 7.5, and 300
d-mannitol (open symbols), or 100 NaCl and 100 d-mannitol (solid
symbols). Ten microliters of preincubated vesicles were incubated at
Fig. 1. Time course of D-glucose uptake by rat renal brush border 258C with 90 mL of media containing 0.25 mmol/L [3H]-thiamin (specific
membrane vesicles. Vesicles were preincubated (2 h at 48C and 30 min activity, 27.75 GBq/mmol), 100 mmol/L d-mannitol, 2 mmol/L MgSO4,
at 258C) in a medium containing (mmol/L) 280 d-mannitol, 2 MgSO4, 10 mmol/L Tris-HEPES, pH 7.5, 100 mmol/L NaCl [(s) out; (d) in 5
10 Tris-HEPES, pH 7.5. Ten microliters of preincubated vesicles were out], 100 mmol/L KCl (n), or 200 mmol/L d-mannitol (h). The number
incubated at 258C with 90 mL of a solution containing 80 mmol/L [U-14C]- of experiments for each symbol is the same as in Figure 1.
d-glucose (specific activity, 0.31 GBq/mmol), 100 mmol/L d-mannitol, 2
mmol/L MgSO4, 10 mmol/L Tris-HEPES, pH 7.5, and 100 mmol/L NaCl
(d), or 100 mmol/L KCl (s). The symbols represent means 6 SEM of
triplicate determinations for each of five different vesicles preparations,
each from five to six rats. was similar to that reported in the literature [24], indicating
that the preparation was suitable for transport studies.
Time course and Na1 effect
chloride were obtained from Sigma Chemical Co. (St. Brush border membrane vesicles were incubated at
Louis, MO, USA). Amprolium was from Merck, Sharp, 258C with 0.25 mmol/L [3H]-thiamin under four different
and Dohme (Pavia, Italy). EGTA [ethylenebis (oxyethy- conditions: (1) in the presence of an initial gradient 100
lene-nitrilo) tetraacetic acid], MES hydrate (b-morpho- mmol/L NaCl out; (2) in 100 mmol/L KCl out in the
line-ethane sulfonic acid), and FCCP [carbonylcyanide incubation medium; (3) in the absence of alkaline ions,
p-(trifluoromethoxy) phenylhydrazone] were from Ald- osmotically substituted with d-mannitol; and (4) in the
rich Chimica (Milan, Italy). All other reagents were of presence of 100 mmol/L NaCl at both sides of the mem-
analytical grade and were supplied by Sigma Chimica brane vesicles, obtained by using BBMVs resuspended
(Milan, Italy) and BDH Ltd. (Poole, Dorset, UK). in a medium containing 100 mmol/L NaCl.
The time course of thiamin uptake remained virtually
Labeled compounds
unchanged under all four conditions (Fig. 2).
[U-14C]-d-glucose (specific activity, 10.8 GBq/mmol)
and [3H]-thiamin (specific activity, 429.2 GBq/mmol) were Translocation and binding
from Amersham International PLC (Amersham, UK). To differentiate between translocation of thiamin into
the intravesicular space and membrane binding, BBMVs
were incubated with 0.25 mmol/L [3H]-thiamin dissolved
RESULTS
in media with increasing and osmometrically controlled
Transport efficiency of brush border membrane vesicles (Fiske OM osmometer; Fiske Associates, Burlington, MA,
USA) osmolarities ranging from 330 to 929 mOsm/L.The time course profile of d-glucose in the presence
of an initial inwardly directed 100 mmol/L NaCl gradient When the values of equilibrium vesicular uptake of thia-
min (30 min) were plotted against the reciprocal of me-(out) showed an overshoot between 6 and 45 seconds,
which disappeared in the presence of 100 mmol/L KCl. In dium osmolarities, a straight line was obtained. At infi-
nite osmolarity (corresponding to the y intercept), onlyboth inwardly directed gradient conditions, equilibrium
was reached at 10 to 30 minutes (Fig. 1). This time course uptake by binding remains because vesicle volume tends
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Fig. 4. Effect of pH gradients between 6 and 7.5 on the time course
of thiamin uptake by rat renal brush border membrane vesicles. Vesicles
Fig. 3. Effect of medium osmolarity on thiamin uptake by rat renal were preincubated in media containing (mmol/L) 250 d-mannitol, 2
brush border membrane vesicles. Vesicles were preincubated as de- MgSO4, 50 Tris-HEPES, pH 7.5 (open symbols), or Mes-Tris, pH 6
scribed in Figure 1 in different media containing (mmol/L) 96, 164, 272, (solid symbols). Ten microliters of preincubated vesicles were incubated
470 or 695 d-mannitol, 2 MgSO4, 90 NaCl and 25 Tris-HEPES, pH 7.5, at 258C with 90 mL of a solution containing 0.25 mmol/L [3H]-thiamin,
and were incubated for 30 minutes at 258C in media containing 0.25 250 mmol/L d-mannitol, 2 mmol/L MgSO4, 50 mmol/L Mes-Tris, pH 6
mmol/L [3H]-thiamin, 2 mmol/L MgSO4, 90 mmol/L NaCl, 25 mmol/L (triangles), or 50 mmol/L Tris-HEPES, pH 7.5 (circles). The number
Tris-HEPES, pH 7.5, and d-mannitol to yield the indicated osmolarities of experiments for each symbol is the same as in Figure 1.
(mOsm/L; given as its reciprocal). The fitting was calculated by regres-
sion analysis (r 5 0.9905, P # 0.001). The number of experiments for
each symbol is the same as in Figure 1.
thus dissipating H1 gradient. At pH gradient pHin 6:pHout
7.5, the presence of 60 mmol/L FCCP in the preincuba-
tion medium resulted in an approximately 75% decreaseto zero. Moreover, the intercept was 0.53, indicating that
binding was responsible for 53% of uptake (Fig. 3). of thiamin uptake at 15 seconds, which was associated
with the elimination of the overshoot (Fig. 5).
H1 gradient and time course
Transmembrane electrical potentialAfter pre-equilibration, BBMVs were incubated with
0.25 mmol/L [3H]-thiamin in the presence or in the ab- To differentiate between the effect of the pH gradient
and that of related changes in transmembrane electricalsence of differently oriented H1 gradients (pHin 6:pHout
7.5 or vice versa). The rate of thiamin uptake was influ- potential on thiamin transport, an electrical negative (or
positive) potential was imposed across the BBMVs. Forenced by H1 gradient orientation, being greatly enhanced
by the outwardly directed gradient (pHin , pHout; Fig. 4). this purpose, the uptake of 0.25 mmol/L [3H]-thiamin
was measured at pH 7.5 (pHin 5 pHout) in the presenceAt 30 seconds, the amount of thiamin taken up showed
an overshoot that was about 2.5 times as large as the of K1 salts of inorganic anions showing different perme-
abilities across the brush-border membrane. Incubationuptake observed in the absence of H1 gradient (pHin 5
pHout 5 7.5). This difference disappeared at equilibrium with the more liposoluble I2 (about 20-fold as compared
with Cl2 and K1) [25], created a relatively more negative(15 to 60 min). The inwardly oriented H1 gradient (pHin
7.5:pHout 6) or the absence of gradient in the acid side or positive intravesicular compartment, depending on
whether the anion was present outside or inside the vesi-of pH (pHin 5 pHout 5 6) caused a further significant
reduction (92 and 88%, respectively) of thiamin uptake cles. No differences in [3H]-thiamin uptake were found
under these conditions, except a significant increase atat 30 seconds, possibly as a consequence of competitive
inhibition between H1 and thiamin at the external face the 15-second incubation in the presence of an inside-
positive electrical potential (Fig. 6). A similar stimulatoryof the exchanger [25]. A remarkable confirmation of the
importance of the outwardly directed H1 gradient in effect was found by Wright and Wunz, using the typical
H1-exchangeable organic cation tetraethylammonium [25].stimulating thiamin uptake came from the use of the pro-
tonophore carbonyl cyanide p-(trifluoromethoxy)phenyl- The null effect of an inside negative potential on thia-
min transport was confirmed by inducing a negative intra-hydrazone (FCCP), which promotes H1 transport [26],
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Fig. 5. Effect of FCCP [carbonyl cyanide p-(trifluoromethoxy)phenyl- Fig. 6. Effect of transmembrane potential on thiamin uptake by rat
hydrazone] on H1 gradient-dependent thiamin uptake by rat renal brush renal brush border membrane vesicles. Vesicles were preincubated as
border membrane vesicles. Vesicles suspended in a medium containing described in Figure 1, in a medium containing (mmol/L) 2 MgSO4, 20
(mmol/L) 200 d-mannitol, 2 MgSO4, 50 KCl, 10 Mes-Tris, pH 6, were Tris-HEPES, pH 7.5, 140 KI (solid symbols), or 140 KCl (open symbols).
preincubated as described in Figure 1 with either FCCP (s; 60 mmol/L, Ten microliters of preincubated vesicles were incubated at 258C with
final concentration, 1FCCP) or an equivalent volume of ethanol (d; 90 mL of a solution containing: 0.25 mmol/L [3H]-thiamin, 2 mmol/L
0.4%, final concentration, 2FCCP). Ten microliters of preincubated MgSO4, 20 mmol/L Tris-HEPES, pH 7.5, 140 mmol/L KI (triangles),
vesicles were incubated at 258C with 90 mL of a solution containing or 140 mmol/L KCl (circles). The number of experiments for each
0.25 mmol/L [3H]-thiamin, 200 mmol/L d-mannitol, 2 mmol/L MgSO4, symbol is the same as in Figure 1. *P , 0.05 vs. controls (equilibrium-
50 mmol/L KCl, and 10 mmol/L Tris-HEPES, pH 7.5. The number of anion conditions) and inside negative potential condition.
experiments for each symbol is the same as in Figure 1. *P # 0.05 vs.
1FCCP.
sured in incubation media with increased osmolarities
in the two previously mentioned conditions. For eachvesicular potential difference with the valinomycin-KCl
incubation time, the binding component was calculatedmethod [26]. BBMVs were pre-equilibrated in a solution
under iso-osmotic conditions from the ordinate inter-containing 100 mmol/L KCl and the K1 ionophore valino-
cepts of the straight lines resulting from the plots ofmycin. Thiamin uptakes were measured in transport buff-
thiamin total uptake values against the reciprocal of me-ers containing either 100 mmol/L KCl (initial intravesicular
dium osmolarities. Translocation was the difference be-electrical potential 5 0) or 10 mmol/L KCl and 280 mmol/L
tween total uptake and binding values. In the presenced-mannitol (initial intravesicular potential electronega-
of the H1 gradient, the amount of thiamin translocatedtive). Under both conditions, thiamin uptake was similar
up to one minute of incubation time was significantly(Fig. 7). The effectiveness of the procedure in generating
higher than the amount bound and was constantly overan inside negative potential difference was shown by
80% of the total thiamin taken up (Fig. 9). In the absencethe greater overshoot of the Na1-dependent d-glucose
of gradient, the percentage of thiamin translocated wasuptake in the presence of valinomycin compared with
about 50% at all of the incubation times. It must beits absence (Fig. 8).
emphasized that in the presence of gradient, at a four-
Influence of the pH gradient on thiamin translocation second incubation time, as used for the concentration
and binding curve (Fig. 10), binding was virtually negligible com-
pared with translocation. At equilibrium (15 to 30 min),Since at equilibrium thiamin was 53% membrane
translocation and binding were quantitatively similar.bound, in preliminary experiments, the time course of
thiamin translocation and binding in the presence and
The H1 gradient and kinetics of thiamin uptakethe absence of an initial outwardly directed H1 gradient
The effect of an outwardly-directed H1 gradient on(pHin 6:pHout 7.5 and pHin 5 pHout 5 7.5, respectively)
thiamin uptake was examined by comparing the concen-were evaluated according to the method of Bhandari,
tration curves obtained at a four-second incubation timeJoshi and McMartin [27], as described by Laforenza,
Orsenigo and Rindi [5]. Briefly, vitamin uptake was mea- under pH gradient (pHin 6:pHout 7.5) and at pH equilib-
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Fig. 8. Effect of transmembrane potential on glucose uptake by ratFig. 7. Effect of transmembrane potential on thiamin uptake by rat
renal brush border membrane vesicles. Vesicles were preincubated asrenal brush border membrane vesicles. Vesicles were preincubated as
described in Figure 1 in a medium containing (mmol/L) 100 KCl, 100described in Figure 1 in a medium containing (mmol/L) 100 KCl, 100
d-mannitol, 2 MgSO4, 10 Tris-HEPES, pH 7.5, with either valinomycind-mannitol, 2 MgSO4, 10 Tris-HEPES, pH 7.5, with either valinomycin (j; 10 mg/mg protein, final concentration) or an equivalent volume of(j; 10 mg/mg protein, final concentration) or an equivalent volume of
ethanol (h; 0.1%, final concentration). Ten microliters of preincubatedethanol (h; 0.1%, final concentration). Ten microliters of preincubated
vesicles were then incubated at 258C with 90 mL of a solution containingvesicles were incubated at 258C with 90 mL of a solution containing
80 mmol/L [U-14C]-d-glucose, 10 mmol/L KCl, 90 mmol/L NaCl, 1000.25 mmol/L [3H]-thiamin, 10 mmol/L KCl, 280 mmol/L d-mannitol, 2
mmol/L d-mannitol, 2 mmol/L MgSO4, and 10 mmol/L Tris-HEPES,mmol/L MgSO4, 10 mmol/L Tris-HEPES, pH 7.5. Number of experi- pH 7.5. Number of experiments for each symbol is the same as in Figurements for each symbol is the same as in Figure 1.
1. *P # 0.05 vs. ethanol.
rium (pHin 5 pHout 5 7.5). In both cases, a biphasic course Effect of different organic cations
of total thiamin uptake was observed, which was nonlinear In the presence of the pH gradient 6in:7.5out, unlabeled
at low concentrations and linear at higher concentrations thiamin, different thiamin analogues or derivatives, and
(Fig. 10). No correction was introduced for binding, since organic cations (25 mmol/L, final concentration) were
this was virtually negligible (Fig. 9). The best fit of the initially added to the incubation medium reported in
curves, calculated by computerized least-square regres- Figure 10, containing 0.25 mmol/L [3H]-thiamin. Satura-
sion (GraphPad Prism 2.01; GraphPad for Windows 95 ble thiamin transport was evaluated by subtracting the
Software, San Diego, CA, USA, 1996), could be resolved nonsaturable component measured at 08C from the total
graphically [28] into two components: a linear component, transport measured at 258C. The unlabeled thiamin and
expressed as a nonsaturable mechanism, and a hyperbolic thiamin analogues and derivatives tested inhibited the
component, expressed as a saturable mechanism with
saturable component of thiamin uptake (Table 1), with
Michaelis-Menten kinetics. The values of the passive per-
49-oxythiamin and thiochrome being only slightly active.meability coefficients (KD), calculated as the slope of the Among the exogenous organic cations used, organic cat-linear component of the curves, were (means 6 SEM of
ions active on intestinal thiamin/H1, as well as on renal4 determinations) 0.62 6 0.09 at pH equilibrium, and 1.07 6
guanidine/H1 and Na1/H1 antiporters (Table 1, group0.28 mL/mg protein · 4 s at pH gradient. The difference
C), were found to be strong inhibitors and likewise somewas not statistically significant. The apparent kinetic con-
typical substrates of renal organic cation/H1 antiportstants of the saturable component were Km 0.29 6 0.14
(Table 1, group A). In contrast, other substrates of renalmmol/L and Jmax 4.69 6 1.17 pmol/mg protein · 4 s in the
organic cation/H1 antiport, guanidine (Table 1, groupabsence of the pH gradient, and 3.86 6 0.88 mmol/L and
A) and endogenous inhibitors of intestinal guanidine/H156.44 6 6.79 pmol/mg protein · 4 s in the presence of
antiport (Table 1, group B) were all virtually ineffective.the pH gradient, respectively. The differences were sta-
Countertransport experiments were performed withtistically significant (P , 0.007 and P , 0.0005, respec-
organic cations active on thiamin/H1 antiport to shedtively, Student’s t-test), being higher in the presence of
the outwardly-directed H1 gradient. further light on the mechanism of thiamin transport in
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Fig. 9. Time course of thiamin binding and translocation by rat renal
brush border membrane vesicles in the presence of a pH gradient (pHin
6:pHout 7.5) and in its absence (pHin 5 pHout 5 7.5). Vesicles were
preincubated as described in Figure 1 in a medium containing (mmol/L)
100, 300, or 700 d-mannitol; 50 KCl; 2 MgSO4; 10 Mes-Tris, pH 6
(filled symbols); or 10 Tris-HEPES, pH 7.5 (open symbols), and were
incubated at 258C in a medium containing 0.25 mmol/L [3H]-thiamin,
50 mmol/L KCl, 2 mmol/L MgSO4, 10 mmol/L Tris-HEPES, pH 7.5,
and 100, 300, or 700 mmol/L d-mannitol. At each time, the binding
(triangles) was determined as in Figure 3 (discussed in the Results
section). Translocation (squares) was the difference between total up-
take and binding (triangles) values as calculated under iso-osmotic
conditions (Fig. 3 and Results section). The number of experiments for
each symbol is the same as in Figure 1.
Fig. 10. Effect of increasing thiamin concentrations on the initial raterat renal BBMVs. In the absence of a pH gradient, the
of thiamin uptake by rat renal brush border membrane vesicles in theuptake of 1 mmol/L [3H]-thiamin at 15 seconds signifi-
presence of a pH gradient (pHin 6:pHout 7.5; A) and in its absence (pHin 5cantly increased in BBMVs preloaded with 200 mmol/L pHout 5 7.5; B). Thiamin uptake at 258C was measured in vesicles,
preincubated as described in Figure 1 in a medium containing (mmol/L)amiloride or cimetidine, whereas it remained unmodified
50 KCl, 200 d-mannitol, 2 MgSO4, 10 Mes-Tris, pH 6, or 10 Tris-HEPES,in BBMV preloaded with 200 mmol/L harmaline (Table
pH 7.5, after four seconds of incubation with different [3H]-thiamin2). The presence of 200 mmol/L clonidine, imipramine, concentrations, 50 mmol/L KCl, 200 mmol/L d-mannitol, 2 mmol/L
or quinine inside the vesicles significantly inhibited the MgSO4, 10 mmol/L Tris-HEPES, pH 7.5. The number of experiments
for each symbol is the same as in Figure 1. The cumulative uptakeinitial thiamin uptake (Table 2).
curves and the values of the apparent Km and Jmax constants of theThe concentration response relationships of exoge- saturable components were obtained by fitting the experimental points
nous cations (Table 1, Group C) active on pH gradient- with computerized least-squares regression. The saturable and nonsatu-
rable components were obtained graphically [28] from the cumulativedependent [3H]-thiamin uptake in BBMVs were examined
curves. Symbols are: (m) cumulative; (s) saturable; (d) nonsaturable.by Dixon plots [29] and Cornish-Bowden plot [30] using
two substrate concentrations (0.5 and 1 mmol/L) at a
four-second incubation time. Amiloride and cimetidine,
which were found to trans-stimulate thiamin uptake, ammonium/H1 antiport. Briefly, the native KCl conduc-
were competitive inhibitors with low Ki values (Table tance of rat renal BBMVs clamps the potential difference
2). Clonidine, imipramine, and quinine inhibited the sat-
(PD) at 0 mV when 150 mmol/L KCl [31] was presenturable component of thiamin/H1 antiport in a mixed
in both intravesicular and extravesicular solutions [25].fashion. Moreover, harmaline apparently showed an un-
Under this condition, by varying the transmembrane gra-competitive inhibition mechanism on thiamin/H1 anti-
dients of H1 and thiamin and measuring the effect onport (Table 2).
net thiamin flux, it is possible to calculate the appropriate
Stoichiometry of thiamin/H1 antiport value of the exchange ratio. BBMVs were preloaded
with 1 mmol/L [3H]-thiamin in a buffer of pH 6.0 con-This was evaluated by applying the static-head test as
described by Wright and Wunz [25] for renal tetraethyl- taining 150 mmol/L KCl (Fig. 11). The vesicles were then
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Table 1. Effect of unlabeled thiamin, thiamin analogues and derivatives, and some organic cations on the saturable component of the
thiamin/H1 antiport in rat renal brush border membrane vesicles
Thiamin uptake
pmol/mg protein · 4 s Percent
Group Compounds tested (mean6SEM)a activity
Control None 4.2560.32 100
Thiamin analogues and derivatives
Thiochrome 3.2960.43 77
49-oxythiamin 3.2260.42 75
Amprolium 1.5460.39b 36
Pyrithiamin 1.5460.39b 36
Unlabeled thiamin 0.6260.18b 15
Organic cations
Group A Creatinine 4.2860.39 100
Choline 4.3260.65 100
Guanidine 4.2560.44 100
Tetraethylammonium 3.9260.4 92
Cimetidine 0.5860.14b 14
Quinine 0.5860.23b 14
Group B Histamine 4.8560.16 100
Spermidine 4.1560.5 98
Serotonin 3.7860.46 89
Group C Clonidine 1.0660.29b 25
Imipramine 0.8660.24b 20
Amiloride 0.6760.19b 15
Harmaline 0.0760.02b 2
The [3H]-thiamin concentration was 0.25 mmol/L; incubation time was 4 seconds and the H1 gradient, pHin 6:pHout 7.5. For incubation media and experimental
conditions, see the legend of Figure 10. Organic cations, unlabeled thiamin, thiamin analogues and derivatives were added to the incubation medium at an initial 25
mmol/L concentration. Groups are defined as: Group A, substrates of renal organic cation/H1 antiport [39]; Group B, endogenous inhibitors of intestinal guanidine/
H1 antiport [40]; Group C, exogenous inhibitors of the antiporters, intestinal thiamin/H1 [5], renal guanidine/H1 and/or renal Na1/H1 [39, 42].
aMeans of at least triplicate determinations for each of five different preparations, each from 5–6 rats
bP , 0.05 vs. control
diluted 10-fold with transport solutions buffered to pH activities, were similar to those reported in the literature
and thus were considered suitable for transport studies.values 6.0, 6.5, 7.0, or 7.5. Under these conditions, at 0
The time course profile of thiamin uptake by renaltime incubation a ten-fold outwardly directed chemical
efficiently transporting BBMVs was virtually identicalgradient of thiamin developed, favoring both passive
in both the presence and the absence of Na1 (Fig. 2).and carrier-mediated efflux of thiamin from the vesicles.
Thus, as for the enterocyte [4], Na1 was not necessaryThiamin efflux could be countered by an outwardly di-
for thiamin entry into the renal epithelial cell. Of therected H1 gradient of appropriate magnitude, resulting
thiamin taken up by BBMVs, only 47% was translocatedin a steady-state condition for thiamin/H1 exchange (the
into the intravesicular space with the remainder beingstatic-head condition). If the exchange thiamin/H1 is one
membrane bound (Fig. 3), a finding similar to that ob-to one, the outwardly directed thiamin gradient would
served in intestinal BBMVs [5].be balanced when the external pH was 7.0, whereas a
At concentrations of [3H]-thiamin in the incubationgreater external pH should cause a net intravesicular
medium below approximately 1.25 mmol/L, the vesicularaccumulation of thiamin. If the exchange is 2H1 per one
uptake of thiamin displayed the features of a saturableT, the static-head should exist at an external pH of 6.5,
process of the Michaelis-Menten type. Since physiologi-whereas at a greater external pH, a net accumulation of
cal plasma concentrations do not usually exceed 0.24thiamin should result. In Figure 11, the static-head was
mmol/L in the rat [12, 13], the renal reabsorption ofevident at an external pH of 7.0, and a net accumulation
thiamin, at least in the earliest proximal convoluted tu-of thiamin was only noted when external pH was raised
bule where pH is 7.4, appears to be mostly accountedto 7.5. Therefore, the exchange thiamin/H1 can be rightly
for by a saturable mechanism.described as a one to one exchange.
The presence of a H1 gradient across the vesicle mem-
brane enhanced [3H]-thiamin uptake only when the di-
DISCUSSION rection of the gradient was from inside to outside, that
The functional efficiency of our renal BBMV prepara- is, pHin , pHout (Figs. 4 and 5), suggesting that the entry
tions, evaluated as the time course of d-glucose uptake of thiamin into the renal epithelial cell is associated with
(Fig. 1), and their purity, evaluated as the enrichment a countertransport of H1 (thiamin/H1 antiport). A simi-
lar antiportal thiamin/H1 exchange has recently beenof alkaline phosphatase and K1-activated phosphatase
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Table 2. Trans-effect, inhibition type and apparent inhibitory
constant values (Ki) of some exogenous organic cations on
the saturable component of the thiamin/H1 exchanger
in rat renal brush border membrane vesicles
Inhibition typeb
Trans-effecta
Organic cation percent activityd Type Ki lmol/Lc
None (controls) 100
Amiloride 14869.5e Competitive 13.6
Cimetidine 215664e Competitive 12.2
Clonidine 38617e Mixed 33
Imipramine 61612e Mixed 45
Quinine 2669e Mixed 31
Harmaline 9960.05 Uncompetitive 19
aVesicles were preloaded (Fig. 5) with 200 mmol/L organic cation, or without
cation (controls), in a medium containing 200 mmol/L d-mannitol, 50 mmol/L
KCl, 2 mmol/L MgSO4, 10 mmol/L Tris-Hepes, pH 7.5, with FCCP (60 mmol/L,
final concentration) and valinomycin (10 mg/mg protein, final concentration).
Ten microliters of preloaded vesicles were incubated at 258C for 15 seconds with
390 mL of the above-mentioned medium containing 1 mmol/L [3H]-thiamin. The
incubation medium of the controls also contained 5 mmol/L organic cation
bInhibition type was evaluated following Dixon [29] by using two thiamin
concentrations (0.5 and 1 mmol/L) with increasing concentrations of inhibitor
(10, 25, 50, 100 mmol/L) at 4 seconds of incubation. For the experimental condi-
Fig. 11. Effect of opposed thiamin and H1 gradients on net flux oftions and medium compositions see the legend in Fig. 10
thiamin in rat renal brush border membrane vesicles. Vesicles werecKi: apparent inhibitory constant values were determined by using Dixon plots
preincubated as described in Figure 1 in a medium containing (mmol/L)[29] for competitive and mixed inhibition, and Cornish-Bowden [30] plots for
uncompetitive inhibition (see Fig. 12) 50 KCl, 200 d-mannitol, 2 MgSO4, 10 Mes-Tris, pH 6, and 1 mmol/L [3H]-
dMeans 6 SEM were calculated of at least triplicate determinations for each thiamin and were diluted 10-fold into solutions containing (mmol/L) 50
of five different preparations, each from 4–5 rats KCl, 200 d-mannitol, 2 MgSO4, 10 Mes-Tris, pH 6, or 10 Tris-HEPES,eP , 0.05 vs. controls before transformation of data into percent activity pH 6.5, 7, or 7.5. The time course of thiamin content (0 to 15 s) was
evaluated at 258C. Number of experiments for each symbol is the same
as in Figure 1. *P # 0.05 vs. time zero; # 0.05 vs. pHout 6 and 6.5.
shown in rat liver sinusoidal membrane vesicles, where
it was different from the organic cation/H1 and Na1/H1
The uptake of thiamin by exchange with H1 showed aantiports [32], and in rat intestinal [5] and human placen-
well-defined saturable component, in which the apparenttal epithelium [33] BBMVs.
kinetic constants were much higher than those calculatedAs a quaternary ammonium compound, thiamin is
in the absence of H1 exchange. At a pH gradient of 1.5positively charged (monovalent cation) at pH 7.5 [34].
unit (pHin 6:pHout 7.5), both Km and Jmax values increasedHowever, its uptake was not influenced by changes in
about 12 times (Fig. 10). Because membrane passivemembrane electrical potential (Figs. 6 and 7), particu-
permeability was virtually unaffected, as the unalteredlarly by an inside negative potential theoretically fa-
values of KD coefficient indicated, the conclusion can bevoring cation thiamin transport across the membrane.
drawn that the H1 gradient energized thiamin transport,This suggests that thiamin transport by renal BBMVs is
increasing the maximal flux of the vitamin, while reduc-an electroneutral process as in intestinal BBMVs [5].
ing its affinity for the transport mechanism. A similarOther electroneutral organic cation/H1 antiport systems
result was recently found in small intestinal BBMVs ofhave been shown in renal BBMVs [25, 35, 36]. However,
rats, although it was quantitatively lower and with a 2.5transport of thiamin in BBMVs was stimulated by electri-
unit pH gradient [5]. The twice higher increment of Jmaxcal positivity of the vesicle interior (Fig. 6). According
value in renal compared with intestinal vesicles could beto Wright and Wunz, this PD sensitivity of transport
reasonably ascribed to the different density of transportmay facilitate the transepithelial secretory flux of organic
sites in renal membranes.cations in vivo, where the flow is from the cytoplasm to
Present findings indicate that the saturable componenttubular lumen [25].
of thiamin transport into renal BBMVs, like that in theAt least theoretically, the pH gradient 6in:7.5out, which
small intestine [5], is a Na1- and electrical-independentenhanced the transport of thiamin into BBMVs, could
uphill process (Fig. 4), using the energy supplied by analso influence membrane binding. Indeed, its influence
outward H1 gradient (Fig. 5) and a stoichiometric thia-depended on the incubation time (Fig. 9), being negligi-
min/H1 exchange of 1:1 (Fig. 11).ble at short incubation times (up to 30 s), when the pH
As to the specificity of thiamin/H1 antiporter, it appearsgradient was virtually intact and translocation accounted
to be different from either the polyspecific H1/cation anti-for about 83% of thiamin taken up. At long incubation
porter used by tetraethylammonium, choline, N9-methyl-times, when the pH gradient was dissipated, about 55%
was membrane bound (Fig. 3). nicotinamide, b-lactam antibiotics (system i), or the more
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Fig. 12. Calculation of the inhibitory constant
(Ki) for the inhibition thiamin uptake in rat
renal brush border membrane vesicles caused
by some exogenous organic cations. Ki values
for amiloride, cimetidine, clonidine, imipra-
mine and quinine were calculated according
to Dixon [29], while the Ki value for harmaline
was calculated following Cornish-Bowden [30].
Uptake at 4 seconds was measured in the pres-
ence of a pH gradient (pHin 6:pHout 7.5). Refer
to Table 2 for the number of experiments for
each symbol, the incubation media and experi-
mental conditions. J represents the uptake val-
ues expressed as pmol/mg protein · 4 s; a is
the thiamin concentration in mmol/L.
specific H1/cation antiporter-transporting guanidine (sys- cluding unlabeled thiamin, thiamin analogues, and deriva-
tives (Table 1). Moreover, it appears to be strictly relatedtem ii), both present in renal BBMVs and responsible
for organic cation reabsorption and/or secretion [37–40]. to the Na1/H1 exchanger, as it is primarily responsible
for the acidification of tubular fluid in the renal proximalAs shown in Tables 1 and 2 and Fig. 12, typical substrates
of these antiporters can use or inhibit thiamin/H1 anti- tubule [41], being inhibited by some of its exogenous
inhibitors [42], including diethylpyrocarbonate (abstract;port [quinine and cimetidine for system (i), and cloni-
dine, amiloride, imipramine, and harmaline for system Verri et al, Pflu¨gers Arch 435: R38, 1998), which is a
histidine-specific reagent irreversibly blocking the renal(ii)], whereas others cannot inhibit thiamin uptake [tetra-
ethylammonium, choline, creatinine for system (i) and BBMV Na1/H1 exchanger [43].
At physiological plasma concentrations, thiamin isguanidine for system (ii)]. However, thiamin/H1 renal
exchanger was very similar to that found in intestinal usually reabsorbed by the rat kidney, since its plasma
clearance is lower than that of inulin: 0.6 mL/min · kgBBMVs [5], being inhibited by the same inhibitors, in-
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body weight (Patrini and Laforenza, unpublished res- diffusion, its transepithelial flux being facilitated by the
inside electropositivity (Fig. 6), as has been suggestedults) versus 5.9 mL/min · kg body weight [44]. According
to our study results, thiamin reabsorption takes place for the secretion of organic cation tetraethylammonium
across the luminal membrane [25].through the thiamin/H1 exchange mechanism in the early
proximal convoluted tubule, the renal structure with the The experimental data presented here provide strong
evidence for the presence of a thiamin/H1 antiport mech-highest acidification rate, predominantly through the lu-
minal antiporter Na1/H1 [45]. The crossing of thiamin anism, which seems to be rather specific for thiamin in
rat renal brush border membranes. This conclusion isthrough the luminal plasma membrane is facilitated by
the low thiamin intracellular concentration maintained by supported by the following observations: (1) Thiamin
uptake by renal BBMVs is stimulated several-fold by anits rapid conversion to thiamin pyrophosphate [46]. This
metabolic trap could produce an effective means by outwardly directed H1 gradient. (2) In the presence of
the H1 gradient, a transient accumulation of thiaminwhich thiamin could be cleared from the tubular fluid.
The successive exit of thiamin through the basolateral inside the vesicles against a concentration gradient oc-
curs. (3) The stimulation of thiamin uptake caused bymembrane of the tubular cells into the plasma could be
achieved by its active basolateral extrusion by Na1,K1- the H1 gradient is not due to an inside negative H1-
diffusion potential. (4) Different thiamin analogues, andATPase, as has been shown for small intestinal entero-
cytes [6]. some typical organic cations, strongly compete with thia-
min for the uptake process. (5) The thiamin/H1 antiportAs mentioned previously in this article, thiamin can
be also secreted into the renal tubule [11]. If thiamin is strictly related to the activity of the Na1/H1 antiporter
and displays a stoichiometric thiamin/H1 ratio of 1:1.crossing through the brush border membrane is deter-
mined by the thiamin/H1 exchange mechanism, and fol-
lowing Aronson [47], the direction of thiamin flux de- ACKNOWLEDGMENTS
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